Introduction
Harpacticoids are a group of copepods with high morphological diversity and species richness (Borutzky, 1952 (Borutzky, , 1964 . Some studies, focused on harpacticoid taxonomy and phylogeny, have revealed a significant heterogeneity among the populations of different species (depending on geographical location and environmental conditions) and have demonstrated the presence of several complexes of cryptic species and forms (Wells, 2007; Garlitzka et al., 2012; Karanovic, McRae, 2013; Huys et al., 2016; Kochanova et al., 2018) . However, the systematics and ecology of freshwater harpacticoid copepods are not well studied yet and are based mainly on morphological descriptions (Dussart, 1967; Wells, 2007) and on investigations published in the middle of the last century (Lang, 1948; Borutzky, 1952 Borutzky, , 1964 . The integrative approach including morphological and genetic studies, allows to investigate the population structure of a species, its biogeography and possible patterns of distribution (Dayrat, 2005) . Moreover, the study of morphological and genetic variation helps to elucidate the processes that create and maintain diversity (Masta, Maddison, 2002; Garcia-Paris et al., 2003) .
The copepod Attheyella crassa Sars, 1863 belongs to the family Canthocamptidae, the most species-rich family of the order Harpacticoida (Gaviria, Defaye, 2015; Walter, Boxshall, 2018) . The species shows a Palearctic distribution and is widespread in Europe and Russia (from Pskov region to Carelian Isthmus) in different types of water bodies (Enckell, 1980; Defaye, Dussart, 2011) . Due to the resistance of A. crassa to various organic and inorganic compounds, as well as its relatively short period of development (4-6 weeks), this species was used in toxicological studies (Turesson et al., 2007; Gardeström et al., 2008) . The latter studies showed that due to the exposure to toxic substances, body length and individual fertility may change, as well as the genetic diversity, which decreases significantly in affected populations.
In order to study systematics (taxonomy and phylogeny) of the freshwater harpacticoid copepod A. crassa, morphological and genetic variability among different European and Russian populations of the species were analysed.
Material and Methods
Samples were collected from ten different freshwater habitats (Fig. 1 ) using a 100-µm mesh size hand net. Living (non-fixed) samples were sorted under a stereomicroscope Micromed (China), harpacticoids were individually preserved in 96% ethanol. In order to analyze morphological characters, 98 adult females of A. crassa from eight different populations were measured (Table 1) . The identification and measurements of the species were done under a microscope Leica DM 4000B (Germany). Body length of these specimens was measured from the tip of prosome to the distal end of the caudal rami in dorsal position. More than 20 quantitative morphological and morphometric characters, important for diagnostic identification, were considered. The statistical variability of characters was assessed with help of the KruskalWallis test (each character was compared among all populations) and of the Kolmogorov-Smirnov Как цитировать эту статью: Kochanova E.S., Gaviria S. 2018 Table 2 . Number 1 and 4, group I; 10, Rybinsk reservoir; other numbers, group II. Рис. 1. Карта мест сбора исследованных экземпляров A. crassa. Названия местообитаний перечисле-ны в таблице 2. Номер 1 и 4 относятся к группе I, номер 10 -Рыбинское водохранилище, остальные номера относятся к группе II. test (each character was compared between two populations, and then all populations were gathered in one matrix to point out the differences) (Kruskal, Wallis, 1952; Stephens, 1974) . Measurements were performed with the help of an ocular micrometer under the microscope. Statistical analysis were performed with Statistica 7.0 and Past 3.20 softwares. Principal Component Analysis (PCA) plot was built in Past 3.20. All values were transformed to a standard normal distribution before plotting.
To carry out the phylogenetic analysis, 35 females of A. crassa from ten different populations were used (Table 1) . Genomic DNA was extracted from animals preserved in 96% ethanol, following the protocols outlined in Walsh et al. (1991) . Specifically, the bodies of each specimen were introduced into to 6% Chelex-100 solution (Sigma-Aldrich, St Louis, MO, USA) in bi-distilled water. Samples were spun for 30 s at 12.000 rpm. The mixture was incubated at 90 °C for 30 min, then again spun for 30 s at 12.000 rpm. Samples were incubated at 90 °C for 15 min and spun for 15 s at 12.000 rpm. Afterwards samples were stored at 20 °C and amplified through PCR. In order to amplify the COI mtDNA gene, direct and reverse universal primers designed for invertebrates were used: COIH 2198(5'-TAAACTTCAGGGTGAC-CAAAAAATCA-3') and COIL 1490 (5'-GGT-CAACAAATCATAAAGATATTGG-3') (Folmer, 1994) . Additionally, special primers for zooplankton ZplankF1_t1(5'-TGTAAAAC-G A C G G C C A G T T C T A S W A A T C A T -AARGATATTGG-3') and ZplankR1_t1 (5'-CAGGAAACAGCTATGACTTCAGGRT-GRCCRAARAATCA3-') (Prosser, 2013) (Lee, 1999) . PCR products were visualized by electrophoresis in 2% agarose gel in 1x triacetate buffer solution. A 100 bp Ladder DNA marker (100 bp -3000 bp) (ThermoFisher Scientific) was used as a marker for evaluation of the length of DNA fragments. To purify the obtained product, a set of ExoSap-IT PCR Product Clean-Up (Applied Biosystems) was applied. PCR products amplified with Folmer primers were sequenced with Folmer primers, while those amplified by zooplankton-specific primers were sequenced with M13F and M13R. Sequencing was carried out using the BigDye Terminator v3.1 (Life Technology) reagent kit on the ABI PRISM 310 Genetic Analyzer (Applied Biosystems, USA). In order to avoid errors in sequences, the bi-directional sequencing was used. Nucleotide sequences were aligned with the algorithm CrustalW using the program package Geneious (version 7.0.6.) (Kearse et al., 2012) . After comparing sequences obtained from the two above mentioned sets of primers, the length of the nucleotide sequences was 550 bp. Phylogenetic trees were also constructed in this program, using a Maximum Likelihood method with a high level of the bootstrap coefficient (1000 replications). Genetic distances were calculated using Tamura-Nei model in Mega 7.0. All sequences of A. crassa were registered in the GenBank under the accession numbers MH477638-MH477669. In addition, a sequence of Canthocamptus staphylinus (Jurine, 1820) (accession number KP974713) was included in the phylogenetic analysis. A sequence of Elaphoidella humphreysi Karanovic, 2006 (accession number JN039173) was used as the outgroup.
Results

Morphological variability
According to the main diagnostic features -segmentation and structure of antennules and antennae, structure of thoracic legs and form of caudal rami and anal operculum -all studied specimens correspond to the description of the species A. crassa, following Borutzky (1952 Borutzky ( , 1964 and Lang (1948) . Among all measured morphological structures, the most significant variable characters (p <0.05) were as follows: total body length, length of the seta V (= longest apical armament) of the caudal rami, length to width ratio of caudal rami (Lf/Wf), length to width ratio of exopod (distal segment) of the fifth pair of legs (Ld/Wd), and length to width ratio of basoendopod of the fifth pair of legs (Lb/Wb) (Fig. 2) .
The mean values of measured morphological traits among populations are listed in Table Morphological 2. The body length of adult females varied from 0.6 to 0.828 mm. The smallest specimen was found in Lake Pääjärvi, the largest one in the creek Hiiu. The length of seta V of the caudal rami varied from 0.3 (Lake Pääjärvi) to 0.52 mm (Lake Sognsvann). The ratio Lf/Wf changed from 1.375 (Lake Sognsvann) to 2.365 (Lake Pääjärvi). The ratio Ld/Wd varied from 1.69 (Lake Geneva) to 2.72 (Lake Pääjärvi). The ratio Lb/Wb changed from 1.92 (Lake Narach) to 3.35 (Lake Geneva). As a result of clustering of females of A. crassa on the PCA plot (Fig. 3, Table 3 ), two main groups of populations were found. The first group (I) includes populations from the lakes Pääjärvi (Finland), Vänern (Sweden), Narach (Belarus), Rybinsk reservoir (Borok, Russia) and creeks Karkalai (Udmurtia, Russia) and Hiiu (Estonia). The second group (II) includes specimens from lakes Sognsvann (Norway) and Geneva (Switzerland).
Phylogenetic variability
Thirty-five original COI sequences of A. crassa contained 67 polymorphic sites, where 65 showed informative parsimony. Thirteen haplotypes were identified, the total haplotype diversity was 0.882. The total number of mutation was 67.
All sequences formed two main clades in the phylogenetic tree constructed with the Maximum Likelihood Method (Fig. 4) . The first clade (I) includes sequences of specimens collected from the lakes Pääjärvi (Finland), Vänern (Sweden), Narach (Belarus), Nyuvchim (Komi Republic, Russia) and Rybinsk reservoirs (Borok), the creeks Hiiu (Estonia) and Karkalai (Udmurtia, Russia), and the river Pechora (Naryan-Mar, Russia). The second clade (II) includes sequences of specimens from the type locality of the species Lake Sognsvann (Norway), Lake Geneva (Switzerland) and Rybinsk reservoirs (Borok, Russia). The genetic distances between these two clades were 19.6% and between populations of A. crassa and C. staphylinus (both belonging to the family Canthocamptidae) -27.2%. The genetic distances between populations inside the clades ranged from 0.5 to 3%.
Discussion
The order Harpacticoida and particularly the family Canthocamptidae show significant Lf and Wf -length and wide of caudal rami respectively; Ld and Wd -length and wide of exopod of fifth leg, respectively; Lb and Wb -length and wide of basipod of fifth leg, respectively. Fig. 3 . Principal component analysis of morphological traits. I, II -groups of populations of A. crassa, similar to the clades in the phylogenetic tree (Fig. 4) . PC1 and PC2 are plotted on x-and y-axes. The percentage of variation explained by the plotted principal coordinates is indicated on the axes. Рис. 3. График, построенный на основе Метода Главных Компонент. I, II -группы популяций A. crassa, соответствующие кладам на филогенетическом древе (рис. 4). ГК1 и ГК2 обозначены вдоль осей абсцисс и ординат. Коэффициент вариации (%) построенного графика указан рядом с осями.
Scandinavian populations of A. crassa), caused Lang (1948) to consider it as not valid.
The present study revealed variability of several morphological traits among populations of A. crassa. The morphology of the caudal rami and length of its longest seta (seta V), the body length as well as the morphology of basoendopod and exopod of the fifth pair of legs, showed significant fluctuations among the examined populations. For example, the caudal rami of specimens from group I, which includes populations from the lakes Geneva and Sognsvann, were smaller compared with populations of the localities of group II ( Table 3 . Factor loadings on components based on PCA plot (Fig. 3) . Таблица 3. Факторные нагрузки к графику, построенному методом главных компонент (рис. 3). morphological diversity (Wells, 2007) . The canthocamptid copepod A. crassa is considered to be a morphologically stable species across its distributional range (Borutzky, 1952 (Borutzky, , 1964 . However, its subspecies Attheyella crassa thracica Michailova-Neikova, 1966 described from Bulgaria has been accepted (Walter, Boxshall, 2018) based on the different shape of the caudal rami and the particular bend of the longest apical armament (seta V). A second subspecies Attheyella crassa schmeili Gagern, 1938 collected in Germany (Harz region) , with minor morphological differences on the caudal rami and the size of setae on the legs (compared with Рис. 4. Филогенетическое дерево, построенное методом ML на основе сравнения нуклеотидных последовательностей участков гена COI гарпактикоид вида Attheyella crassa. В узлах указаны значения бутстреп-поддержки и генетические дистанции (%). В качестве внешней группы использо-вана последовательность гена COI гарпактикоиды Elaphoidella humpreysi Karanovic, 2006 (JN039173) . I, II -клады.
The genetic divergence (19.6%) between clades (Fig. 4) , when compared to groups on the PCA plot (Fig. 3) , confirmed heterogeneity among the populations. Similar genetic variability revealing the existence of several cryptic forms has been found in other studies of population structure based on molecular-genetic analysis of harpacticoids. For instance, phylogenetic and phylogeographic structure among populations of the marine harpacticoid Tigriopus californicus (Baker, 1912) showed divergences of mtDNA that often exceeded 20% (Burton et al., 2007; Willet, Ladner, 2009 ). In another marine harpacticoid Nannopus palustris Brady, 1880 even higher values have been found: the genetic distances of mtDNA reached up to 78% between populations and allowed to separate several cryptic forms (Garlitzka et al., 2012) .
Our previous investigation of interpopulational diversity in C. staphylinus also showed polymorphism. It was expressed in genetic distances that reached up to 25% between geographically separated populations (Kochanova et al., 2018) . High levels of intra-and interspecific divergence seem to be a widespread phenomenon among members of the order Harpacticoida (Schizas et al., 1999; Easton et al., 2010) . In freshwater copepod species, the observed molecular genetic divergence can be the result of founder and bottleneck effects accompanied by limited gene flow between populations, even in adjacent habitats (Bucklin et al., 1998) .
Therefore we can conclude that in the studied populations of A. crassa there are two morphologically and genetically distant forms, which should be considered as different taxonomical units at the subspecies level. The division of clades in the phylogenetic tree (Fig. 4) is identical to the separation of groups in the PCA plot (Fig. 3) , except for the population from Rybinsk reservoir, which was present in both clades. We can assume that in this waterbody there are two genetic forms with similar morphology.
We recommend further study of additional material (particularly on populations of A. crassa from southern Europe, northern Africa and non-Russian Asia) together with the analysis of nuclear genes, in order to clarify the taxonomy of this species. In this way, the subspecies with predominantly northern distribution in the Palearctic Region could be described.
